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Pulmonary surfactant is a complex mixture of lipids and proteins. It is well known that surfactant lowers the surface tension at the air-liquid interface in the lung. Recent studies also support a host defense role for surfactant and particularly for pulmonary surfactant proteins A (SP-A) and D (SP-D).
SP-A and SP-D are produced by type II cells and Clara cells in the lung and are members of the C-type lectin protein superfamily. SP-A and SP-D share many structural features. Both proteins are composed of a short N-terminal region involved in covalent cross-linking, followed by a collagen-like domain, a neck region, and a C-terminal carbohydrate recognition domain (CRD) that binds carbohydrates in a calciumdependent manner (9, 18, 29) . Both proteins form higherorder structures but differ in the organization of these structures. SP-D predominantly forms a cruciform-like dodecamer, whereas SP-A forms a bouquet-like octadecamer (18) . Although the proteins are very similar, important functional differences exist. For example, SP-A but not SP-D specifically binds phosphatidylcholine and dipalmitoylphosphatidylcholine, whereas SP-D but not SP-A binds phosphatidylinositol (17, 26) .
SP-A and SP-D are thought to be important components of the innate immune system (5, 24, 30, 36) , and recent animal studies have demonstrated host defense roles for these proteins. For example, SP-A-deficient mice are more susceptible to intratracheally instilled group B streptococci (20) , Pseudomonas aeruginosa (22) , and respiratory syncytial virus (21) than wild-type animals. Moreover, intranasally administered SP-D reduced respiratory syncytial virus replication in the lungs of infected mice (12) . In many cases it is thought that SP-A and SP-D mediate their host defense roles by binding carbohydrates on the surface of pathogenic microorganisms, but the precise polysaccharide structures recognized by the proteins have not been determined. Additionally, although the monosaccharide specificity of SP-A and SP-D has been examined in detail (11, 29) , very little is known about how the proteins interact with other carbohydrates such as long-chain polysaccharides present on the surface of many microorganisms.
Recent work has shown that human SP-A and SP-D and rat SP-D bind Aspergillus fumigatus conidia (1, 23) . Inhibitor studies and use of mutant surfactant proteins led to the conclusion that the proteins bind to surface carbohydrate structures on the conidia, but the surfactant protein ligand(s) was not identified. The purpose of the present study was to identify SP-A and/or SP-D fungal ligands. This is important since elucidation of the ligand structures recognized by these proteins is critical to our understanding of their in vivo host defense functions. Additionally, these investigations will broaden our understanding of carbohydrate recognition by SP-A and SP-D.
Since A. fumigatus conidia are difficult to disrupt and the organism is not well defined genetically, we used Saccharomyces cerevisiae as a model fungus. This yeast is well characterized genetically and biochemically and is easily manipulated in the laboratory. Since cell wall composition is common in many fungi including S. cerevisiae (3, 6, 8, 15) , we feel that the knowledge gained from this work will be directly applicable to other fungi, including important pulmonary pathogens.
MATERIALS AND METHODS

Materials.
Crab shell chitin, yeast glucan, and phenylmethylsulfonyl fluoride were purchased from Sigma (St. Louis, Mo.). Zymolyase 100T was purchased from U.S. Biological (Swampscott, Mass.), peptide N-glycosidase F (PNGase F) was purchased from New England Biolabs (Beverly, Mass.), pustulan was purchased from Calbiochem (San Diego, Calif.), and laminarin was purchased from Fluka (Buchs, Switzerland). The average molecular weight for pustulan was 20,000, and that for for laminarin was 8,600 (unpublished data). The S. cerevisiae kre6⌬::G418 r mutant (Research Genetics strain 5574) and parental (Research Genetics strain Hansen BY 4741) strains were obtained from Research Genetics (Huntsville, Ala.).
Preparation of S. cerevisiae. Unless otherwise indicated yeast strain SEY 6210 (MAT␣ leu2 ␣ ura3 his3 lys2 trp1 suc2) was used throughout this study. When other strains were used, the cells were prepared in the same manner as SEY 6210. The cells were grown in YEPD (1% yeast extract, 2% peptone, 2% glucose) at 30°C in a shaking incubator. The cells were harvested in log phase, washed three times with phosphate-buffered saline, pH 7.4 (PBS), and fixed with 2% paraformaldehyde in PBS for approximately 16 h at room temperature. Following fixation, the cells were again washed with PBS, counted with a hemacytometer, and stored at 4°C in PBS with 0.02% NaN 3 until used. For the hydrofluoric acid (HF) treatment, the fixed cells were suspended in 48% HF and incubated on ice. After 48 h, the acid-treated cells were washed five times with PBS (sedimented at 100 ϫ g) to remove the HF and liberated cellular material, counted with a hemacytometer, and stored at 4°C in PBS with 0.02% NaN 3 until used. Protein deglycosylation with PNGase F was performed according to the manufacturer's instructions. An aliquot of 120 million cells was treated with 13 l of PNGase F for 2 h at 37°C. The final reaction volume was 720 l. Following deglycosylation, the cells were washed with PBS and stored at 4°C in PBS with 0.02% NaN 3 until needed.
Preparation of S. cerevisiae cell walls. Yeast cell walls were prepared essentially as described elsewhere (4) . Yeast cells were disrupted with a Bead Beater (10 pulses for 30 s each) using 0.5-mm-diameter glass beads at 4°C in 1 mM phenylmethylsulfonyl fluoride. Following disruption, the cell walls were collected and then washed twice with ethanol, three times with chloroform-methanol (1:1), three times with ethanol-ether (1:1), and finally three times with water. For all washes, the cell walls were collected by centrifugation at 3,000 ϫ g at 4°C.
Preparation of SP-A and SP-D. The purification of the surfactant proteins used in this study has been described previously (1) . Briefly, recombinant human SP-D was purified from the culture medium of CHO-K1 cells expressing human SP-D, and AP human SP-D was purified from the bronchoalveolar lavage fluid of alveolar proteinosis patients by mannose-Sepharose affinity chromatography followed by elution with MnCl 2 (33) and inositol. AP human SP-A was purified from the bronchoalveolar lavage fluid of alveolar proteinosis patients, and normal human SP-A was purified from the lavage fluid of a human lung not used for transplant as previously described (1) . All proteins were judged pure by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (19) and incubated with 20 g of the appropriate surfactant protein per ml at 25°C for 1 h. The total volume was 100 l. The cells were then washed three times with CBB and incubated with 10 g rabbit polyclonal anti-human SP-A or anti-human SP-D immunoglobulin G (IgG) per ml at 25°C for 1 h. The cells were again washed three times with CBB and incubated with fluorescein isothiocyanateconjugated F(abЈ) 2 fragment of donkey anti-rabbit IgG (10 g/ml; Jackson ImmunoResearch Laboratories, West Grove, Pa.) at 25°C for 1 h. The cells were then washed twice with CBB. Control samples included (i) cells prepared as described above but without added SP-D (negative control) to determine background fluorescence and (ii) cells with SP-D but without inhibitor (positive control). Fluorescein isothiocyanate fluorescence was analyzed using a Becton Dickinson FACSCalibur flow cytometer and CELLQuest software. Binding was determined by subtracting the mean channel fluorescence of the negative control from the sample mean channel fluorescence. Binding is expressed as a percentage of the positive control binding.
Aggregation analysis. For aggregation analysis, the yeast cells, cell walls, glucan, or zymolyase-treated glucan was suspended in CBB (or CBB containing the appropriate inhibitor) and diluted to the desired absorbance at 700 nm (A 700 ).
For a given experiment, the difference in starting A 700 of all samples analyzed was generally less than 3%. SP-D or buffer was added to the appropriate samples after 5 min. The final volume for all samples tested was 800 l. The A 700 of the samples was measured every minute for 2 h after protein addition (except for glucan aggregation analysis, in which case the measurements were only recorded for 18 min after protein addition). Aggregation is indicated by a drop in A 700 greater than the negative control (without added protein) as the aggregated material sediments to the bottom of the assay tube. Following analysis, the starting A 700 s were normalized to the negative control tube for ease of data interpretation.
Preparation of pustulan and laminarin. Pustulan stock solutions were prepared by boiling the 20 mM glucose equivalents in water for 5 min. The stock solution was then diluted to the desired concentration in CBB. Laminarin solutions were prepared by directly dissolving solid laminarin in CBB at room temperature.
Zymolyase treatment of yeast glucan. Yeast glucan (10 mg) was suspended in 10 mM Tris (pH 7.4) and digested with 8 mg of zymolyase [a ␤(133)-glucan digesting enzyme] for 16 h at 37°C. The total reaction volume was 3 ml. The digested material was dialyzed against H 2 O, washed with CBB, and subjected to aggregation analysis as described above.
Other methods. All protein concentrations were determined by the bicinchoninic acid method (Pierce, Rockford, Ill.) with bovine serum albumin as the standard. Polyclonal anti-human SP-D was raised in rabbits against recombinant human SP-D produced by CHO-K1 cells. Polyclonal anti-human SP-A was raised in rabbits against human SP-A purified from the lavage fluid of alveolar proteinosis patients.
Statistical analysis. Data are reported as means Ϯ standard errors. Data were compared by Student's t test. P values of Ͻ0.05 were considered significant.
RESULTS
S. cerevisiae binding and aggregation.
As an initial step toward identifying a fungal ligand for SP-A and/or SP-D, we first examined if either protein bound the well-characterized yeast S. cerevisiae. We performed binding experiments using proteins from various sources (Fig. 1 ). As can be seen, SP-D but not SP-A bound the cells and EDTA inhibited the binding. Since SP-D is known to aggregate microorganisms including Escherichia coli (16) and A. fumigatus (23), we also tested for SP-Dinduced S. cerevisiae aggregation by measuring changes in A 700 (Fig. 2) . As shown, SP-D aggregated the cells and EDTA inhibited the aggregation. Similar results were seen when SP-D was tested for its ability to aggregate yeast cell walls (Fig. 3 ), suggesting that a SP-D ligand was cell wall associated. This provided a convenient method for rapidly evaluating the interaction of SP-D with the cells under a variety of conditions and to determine if the protein recognized insoluble cell wall material such as chitin or glucan (see below).
Mannan is a major constituent of the yeast cell wall and is a known inhibitor of SP-D binding to carbohydrate structures (12) . We therefore considered it a likely target for SP-D binding to S. cerevisiae. To test this idea, we treated the cells with HF to remove the cell wall mannoprotein (15) and PNGase F to remove mannan attached to cell wall proteins. If SP-D bound only yeast mannan, we expected that these treatments would reduce or eliminate the observed binding. These treatments, however, did not reduce binding by SP-D (not shown). This finding demonstrates that SP-D ligands other than mannan are present on the yeast cell but does not exclude the possibility that SP-D recognizes mannan on the yeast cell surface.
Interactions with chitin and glucan. In addition to mannoprotein, the yeast cell wall also contains chitin and glucan (3, 15) . Chitin is a polymer of ␤(134)-linked N-acetylglucosamine subunits. When tested directly, SP-D failed to aggregate chitin (not shown). Therefore, this polymer is not likely to be a yeast ligand for SP-D. This was not unexpected since SP-D binds N-acetylglucosamine only very weakly (29) , and as discussed in detail below, we feel that the nature of the linkages connecting the polymer subunits prohibits chitin recognition by SP-D.
Next we tested yeast glucan in the aggregation assay (Fig. 4) . Glucan is a glucose polymer with subunits connected by the indicated linkages. The material tested contained both ␤(133)-and ␤(136)-glucan. SP-D aggregated glucan, and EDTA inhibited the aggregation. The time required to demonstrate aggregation was significantly less than for yeast cells due to the rapid sedimentation of glucan even in the absence of SP-D. However, significant aggregation was apparent not only by spectrophotometric analysis but also by visual inspection (not shown). Finally, we tested both chitin and glucan for binding by SP-D using a depletion assay. Solutions containing chitin or glucan (50 mg/ml) and SP-D (5 g/ml) were incubated for 2 h at 25°C. The bound SP-D was separated from unbound by centrifugation. No SP-D was lost from the centrifuged supernatant of the chitin solution, whereas approximately 80% of the added SP-D was lost from the supernatant of the glucan solution (not shown). (Fig. 6a) . Essentially no inhibition was seen at 20 mM glucose equivalents, but complete inhibition was seen at 200 mM. By comparison, pustulan was a very strong inhibitor of the aggregation. Figure 6b shows that 0.5 mM glucose equivalents of pustulan partially inhibited yeast aggregation and 2 mM glucose equivalents almost completely inhibited the aggregation. Clearly, pustulan is a much more powerful inhibitor of SP-D-induced yeast aggregation than maltose. Finally, we tested laminarin for its ability to inhibit yeast aggregation. As shown in Fig. 6c , laminarin failed to inhibit aggregation at 20 mM glucose equivalents. Due to the experimental design and the limited solubility of laminarin, higher concentrations of this polysaccharide could not be tested in this assay. It is also noteworthy that in separate experiments we demonstrated that these carbohydrate inhibitors did not alter the sedimentation of yeast cells in the absence of SP-D (not shown).
We next wanted to determine the 50% inhibitory concentrations (IC 50 s) for pustulan and laminarin. We first attempted to use these carbohydrates to inhibit SP-D binding to S. cerevisiae. We found that laminarin failed to inhibit SP-D binding to S. cerevisiae even when used at 100 mM glucose equivalents (not shown). However, although nearly 50% inhibition of SP-D binding to S. cerevisiae was seen at 10 M glucose equivalents of pustulan, we were unable to determine the IC 50 using our detection system. The most likely explanation for this observation lies in the fact that lectins are known to cause aggregation and precipitation of multivalent carbohydrate ligands (28) . Thus, if SP-D bound and caused precipitation of pustulan, the aggregated material would be intensely stained for the lectin in our assay. These aggregates either could be mistaken for yeast cells when analyzed by flow cytometry or could adhere to the yeast cell surface. In either case, these stained aggregates could prevent accurate IC 50 determinations. Indeed, small, intensely stained, amorphous aggregates were seen when yeast cells that had been subjected to pustulan IC 50 determinations were examined microscopically (not shown). These aggregates were seen both free in solution and adhering to the yeast cell surface, and their numbers increased with increasing pustulan concentration. Thus, we conclude that SP-D aggregates pustulan. These aggregates prevented us from determining the IC 50 for pustulan inhibition of yeast binding by SP-D.
We also tested pustulan and laminarin for the ability to inhibit SP-D binding to A. fumigatus. Although pustulan aggregates were also seen in these samples, they did not prevent IC 50 determinations (Fig. 7) probably because the aggregates do not adhere as well to the A. fumigatus conidia as to the yeast surface. Pustulan was found to be an extremely powerful inhibitor of SP-D binding to A. fumigatus, with an IC 50 of (1 Ϯ 3) ϫ 10 Ϫ3 mM glucose equivalents. In contrast, maltose inhib- The results were similar to those shown for the human proteins; no functional differences were seen between human and rat SP-A or SP-D in interactions with S. cerevisiae.
We were originally surprised that SP-A failed to bind S. cerevisiae since the protein is known to bind yeast mannan (11), a component of the yeast cell wall. We speculate that charge repulsion may contribute to the failure of SP-A to bind the yeast cells. Yeast cells are known to carry a negative charge due to phosphate groups present in their cell wall mannan (13, 14) , and SP-A would also carry a negative charge under test conditions (pH 7.4). Alternatively, the specific mannan conformation on the yeast cell surface may not allow SP-A binding, whereas different polysaccharide conformations present in the isolated mannan allow binding. No charge repulsion problem exists for SP-D. In fact, Håkansson et al. (10) have noted that SP-D carries a local positive charge in the cavity formed at the junction of its CRDs, and they have proposed that this may assist in recognition of negatively charged ligands.
After noting that SP-D also aggregated yeast cell walls (Fig.  3) , we focused our ligand identification efforts on this cellular component. The cell wall is the outermost part of the cell and would therefore be more accessible to SP-D than underlying structures. The yeast cell wall is composed of mannoprotein, chitin, ␤(133)-glucan and ␤(136)-glucan (3, 15) . Since yeast mannan is known to inhibit SP-D recognition of carbohydrate structures (12) , it seemed likely that mannoproteins were ligands for SP-D. To test this idea, we treated the cells with HF to remove cell wall mannoproteins and PNGase F to remove cell wall mannan. Unexpectedly, these treatments did not reduce SP-D binding (not shown). While these data do not exclude the possibility that SP-D binds mannoprotein structures on the yeast cell wall, they do demonstrate that mannan is not the only SP-D ligand present.
Since SP-D failed to aggregate chitin, we next determined if SP-D interacted with glucan. Insoluble material remaining after zymolyase digestion of yeast glucan was suspended in calcium-containing buffer with or without 10 mM EDTA at room temperature. After 5 min, recombinant human SP-D was added to a final concentrations of 10 g/ml. Buffer was added to the negative control sample. The A 700 of the suspensions was monitored every minute for 2 h after protein addition. For the graphs shown, the starting A 700 for all samples was normalized to the buffer control for ease of interpretation. The graph shows representative data from duplicate experiments.
in the glucan preparation tested, we continued our investigations into SP-D ligand specificity. We next treated glucan with the ␤(133)-glucan-digesting enzyme zymolyase. SP-D aggregated zymolyase-treated glucan (Fig. 5) , which suggested a direct interaction between the protein and ␤(136)-glucan.
To further confirm ␤(136)-glucan-specific recognition by SP-D, we tested pustulan and laminarin for the ability to inhibit SP-D-induced S. cerevisiae aggregation and A. fumigatus binding. If SP-D specifically recognized glucose polymers linked by ␤(136) glycosidic bonds, we expected that pustulan but not laminarin would strongly inhibit aggregation and binding. The data presented in Fig. 6 and 7 in Results confirm our expectations. Although it cannot be formally excluded that minor contaminants in the commercial pustulan preparation contribute to the observed inhibition, we consider this possibility highly unlikely. First, the pustulan conforms to the expected structure by nuclear magnetic resonance analysis (from the supplier), and second, dialyzed pustulan inhibited SP-D-induced yeast aggregation to the same extent as pustulan that was not dialyzed (not shown). For the experiment shown in Fig. 7 , significant inhibition was found at concentrations as low as 0.1 M glucose equivalents. Thus, any minor contaminant would have to be extraordinarily potent to be effective at such concentrations. We feel the most reasonable explanation for the collective data is that pustulan but not laminarin is a powerful SP-D inhibitor.
The fact that laminarin failed to inhibit SP-D-induced aggregation, while pustulan strongly inhibited the aggregation, is not . Buffer was added to the negative control sample. The A 700 of the suspensions was monitored every minute for 2 h after protein addition. For the graphs shown, the starting A 700 for all samples was normalized to the buffer control for ease of interpretation. Maltose, pustulan, and laminarin concentrations are reported as glucose equivalents (Glc eq.). The graph shows representative data from duplicate experiments. mutagenesis study confirmed that by changing amino acids Glu 185 and Asn 187 to Gln and Asp respectively, the protein's monosaccharide affinity could be changed from mannose/glucose Ͼ galactose to galactose Ͼ mannose/glucose (7). Analogous mutagenesis work has been done with SP-D, which also shows higher affinity for glucose than for galactose (29) , with similar results (27) . Together, the carbohydrate recognition specificity, mutagenesis results, and structural similarity strongly suggests that SP-D binds carbohydrates by a mechanism similar to that used by MBP-A.
As stated above, MBP-A binds saccharides via interactions with the hydroxyl groups at positions 3 and 4 on the sugar. Assuming that SP-D interacts with the same positions on the sugar unit, the protein would be expected to only bind the nonreducing terminal glucose unit of a ␤(133)-linked glucosyl polysaccharide. This is because the 3 position on all other glucose units is involved in a glycosidic bond and is not available for interaction with the protein (Fig. 9 is presented for reference). This would be the case for laminarin and explains why this polysaccharide failed to inhibit SP-D-induced yeast aggregation or binding to A. fumigatus. However, in a ␤(136)-linked glucosyl polysaccharide, the hydroxyl groups at the 3 and 4 positions are available for interactions with the protein on every sugar unit (Fig. 9 ). This would be the case for pustulan and explains why this carbohydrate strongly inhibited SP-D-induced yeast aggregation and binding to A. fumigatus.
The preceding observations not only explain the inhibition by laminarin and pustulan but also support our conclusion that ␤(136)-glucan is a fungal ligand for SP-D. SP-D does not bind ␤(133)-glucan since the 3 position on all glucose units is unavailable for interactions with the protein. Similarly, SP-D does not bind chitin since the 4 position is unavailable for interactions with the protein in that polymer. However, both the 3 and 4 positions are available for interactions with SP-D on all glucose subunits on ␤(136)-glucan. Therefore, based on structural and experimental considerations, we feel that ␤(136)-glucan is an ideal ligand for SP-D. However, as stated previously, we cannot exclude the possibility that SP-D also binds mannoprotein structures on the yeast cell surface.
To provide additional support for our hypothesis that ␤(136)-glucan is a fungal ligand for SP-D, we tested the kre6 yeast mutant in our binding assay (Fig. 8) . The cell wall of this A. fumigatus conidia were incubated with 20 g of recombinant human SP-D per ml for 1 h at 25°C, followed by washing and similar incubations with primary and secondary antibodies. To determine background fluorescence, samples that contained conidia and primary and secondary antibodies but not SP-D were also included. For inhibition studies, the proteins were preincubated with the indicated carbohydrate for 15 min at 25°C, and the carbohydrate-surfactant protein mixture was then added to the conidia. Binding was detected by flow cytometry and normalized to the mean fluorescence intensity of recombinant human SP-D without carbohydrate (taken as 100% binding). The graph shows representative data from three experiments for each inhibitor. Since many fungi have similar cell wall compositions, we expect that these observations will be general to SP-D interactions with other fungi including Candida and Aspergillus. Additionally, our inhibitor data for pustulan and laminarin demonstrate that only certain carbohydrate conformers are recognized by SP-D and that bond patterns alone, regardless of subunit composition, can determine if a polysaccharide is recognized by SP-D. We are currently using computational modeling to explore this area further.
